Two major pathways for induction of apoptosis have been identified-intrinsic and extrinsic. The extrinsic pathway is represented by tumor necrosis factor family receptors, which utilize protein interaction modules known as death domains and death effector domains (DEDs) to assemble receptor signaling complexes that recruit and activate certain caspase-family cell death proteases, namely procaspases-8 and -10. The intrinsic pathway for apoptosis involves the participation of mitochondria, which release caspase-activating proteins. Bcl-2 family proteins govern this mitochondria-dependent apoptosis pathway, with proteins such as Bax functioning as inducers and proteins such as Bcl-2 and Bcl-X L serving as suppressors of cell death. An apoptosis regulator, BAR, was identified by using a yeast-based screen for inhibitors of Bax-induced cell death. The BAR protein contains a SAM domain, which is required for its interactions with Bcl-2 and Bcl-X L and for suppression of Bax-induced cell death in both mammalian cells and yeast. In addition, BAR contains a DED-like domain responsible for its interaction with DED-containing procaspases and suppression of Fas-induced apoptosis. Furthermore, BAR can bridge procaspase-8 and Bcl-2 into a protein complex. The BAR protein is anchored in intracellular membranes where Bcl-2 resides. BAR therefore may represent a scaffold protein capable of bridging two major apoptosis pathways.
T
wo major pathways for induction of apoptosis have been identified in recent years. One of these apoptosis pathways is represented by tumor necrosis factor (TNF)-family receptors that contain protein interaction modules known as death domains (DD) in their cytosolic regions (reviewed in refs. 1-3). On binding ligand or when overexpressed in cells, DD-containing TNF receptor family members such as Fas (CD95) aggregate, resulting in recruitment of an adaptor protein Fadd, which contains both a DD and a similar protein interaction module known as the death effector domain (DED) (4, 5) . The zymogen pro-forms of certain caspase-family cell death proteases, namely procaspases-8 and -10, also contain DEDs in their N-terminal prodomains, allowing binding to Fadd͞Fas complexes. This is followed by proteolytic processing and activation of the receptorassociated proteases, thereby initiating a subsequent cascade of additional processing and activation of downstream effector caspases (reviewed in refs. [1] [2] [3] .
DED-containing proteins that function as antagonists of death receptor signaling have been identified in humans, mammals, and viruses (6) (7) (8) . These antiapoptotic DED-containing proteins function as transdominant inhibitors, which compete for binding to the DED domains of Fadd or procaspases-8 or -10, thereby preventing assembly of a functional death-inducing complex (9) .
A second major pathway for apoptosis involves the participation of mitochondria, which release cytochrome c (cyt-c), resulting in caspase activation through the effects of Apaf-1 (10, 11) . Members of the Bcl-2 family play a major role in governing this mitochondriadependent apoptosis pathway, with proteins such as Bax functioning as inducers of apoptosis and proteins such as Bcl-2 and Bcl-X L serving as suppressors of cell death (12, 13) .
The Bax protein shares predicted structural similarity with the pore-forming domains of certain bacterial toxins (14) and induces release of cyt-c and triggers dissipation of the electrochemical gradient in mitochondria, even in the absence of caspases (15) (16) (17) . When ectopically expressed in yeast, which have no caspases or Apaf-1 homologues, Bax targets to mitochondria, induces cyt-c release, and causes cell death (18, 19) . This cytotoxic effect of Bax on yeast has permitted screens for human antiapoptosis genes that maintain cell survival despite expression of the Bax protein (20) . Here we describe the cloning and characterization of human cDNAs encoding an apoptosis regulator identified through such a yeast-based screen. We have termed this protein BAR, for bifunctional apoptosis regulator, because it contains both a DED-like domain capable of suppressing apoptosis signaling through Fas (extrinsic pathway) and another domain that mediates interactions with Bcl-2 family protein and that is required for suppression of Bax-induced cell death in yeast and mammalian cells (intrinsic pathway). BAR thus represents a protein at the intersection of two major pathways controlling apoptosis.
Materials and Methods
Plasmids. A Bgl-II fragment containing the complete ORF of BAR was isolated from a HepG2 library as described (20) . cDNAs encoding full-length or fragments of BAR were generated by PCR and subcloned into various plasmids, as indicated.
Yeast Assays. Yeast strain QX95001, containing the LEU2-marked mBax-encoding plasmid YEP51-Bax (20) , was transformed with the plasmids p424, p424-BAR, p424-BAR(⌬R), and p424-BAR(⌬TM) containing the TRP marker by a lithium acetate method. Transformants were plated on SD-Leu, TRP (leucinedeficient and tryptophan-deficient SD). Protein extracts were prepared as described (18, 20) . Yeast two-hybrid assays were performed as described (18, 21) , by using Bcl-2 (⌬TM) proteins to avoid problems with nuclear targeting.
Cell Culture and Transfections. 293, 293T, and HT1080 cells were seeded at 5 ϫ 10 5 cells per well in six-well plates and were transfected the next day with various combinations of plasmids by using SuperFect (Qiagen, Chatsworth, CA). Both floating and adherent cells (after trypsinization) were collected 24 hr after transfection and analyzed by 4Ј,6-diamidine-2Ј-phenylindole dihydrochloride (DAPI) staining for assessing nuclear morphology. Transfection efficiencies were routinely Ͼ70% based on cotransfecting a green fluorescent protein (GFP)-encoding plasmid.
Caspase Assays. Cell extracts (25 g total protein) were prepared from transfected cells and incubated with 100 M substrate benzyloxycarbonyl-Asp-Glu-Val-Asp-AFC (Z-DEVD-AFC) in 100 l caspase buffer (16) . Caspase activity was assayed by using a fluorometer plate reader, measuring release of fluorescent AFC.
Subcellular Fractionations. 293T cell lysates were prepared and fractionated to yield cytosolic, light-membrane, heavymembrane, and nuclear fractions (20) .
In Vitro Protein-Binding Assays. GST-fusion proteins (Ϸ3 M) immobilized on glutathione-Sepharose beads were incubated with 10 l of reticulocyte lysates (TNT-lysates, Promega) containing in vitro translated [ 35 S] methionine-labeled proteins in 0.5 ml binding buffer (142.5 mM KCl͞5 mM MgCl 2 ͞10 mM Hepes, pH 7.2͞1 mM EGTA͞0.2% Nonidet P-40) containing protease inhibitors for 3 hr at 4°C. Beads were washed three times in 1.5 ml binding buffer, and bound proteins were eluted by boiling in SDS-loading buffer and subjected to SDS͞PAGE.
Coimmunoprecipitation Assays. 293T cells transfected with plasmids encoding Myc-BAR, Bcl-2, Bax, or other proteins were cultured with or without 20 M MG-132 for 6 hr before lysing in HKME solution (142.5 mM KCl͞5 mM MgCl 2 ͞10 mM Hepes, pH 7.2͞1 mM EGTA) containing 0.4% Nonidet P-40 and protease inhibitors. Lysates were cleared by incubation with the protein G-Sepharose 4B (Zymed) and then incubated with anti-Myc antibody immobilized on agarose gel (Santa Cruz Biotechnology) at 4°C for 2 hr with constant rotation. Beads were then washed 4 times in HKME containing 0.2% Nonidet P-40 before boiling in SDS sample buffer. For analysis of interactions of BAR or BAR mutants with Flagcaspases or Flag-FADD, transfected cells were lysed in modified HKME solution, which contained 400 mM KCl and 0.8% Nonidet P-40. Immunoprecipitations were performed as above, by using either anti-Flag-M2 agarose affinity gel (Sigma) or anti-Myc immobilized agarose gel. SDS͞PAGE immunoblotting was performed as described (20) .
Antibody Production and Immunohistochemistry. High-titer antisera specific for BAR were generated in rabbits by using a multiple boosting technique and recombinant GST-BAR(1-139) as immunogen, as described (22) . Antibody reactivity with BAR was confirmed by immunoblot analysis of in vitro translated BAR vs. various control proteins and of lysates from 293T cells transfected with Myc-BAR or various control plasmids, revealing reactivity solely with the expected BAR protein. Specificity of antisera was determined by comparisons of immune and preimmune serum and by preadsorption of anti-BAR antisera with excess immunogen (GST-BAR) at 5 g per 50 l antiserum.
Computer Analysis. BAR sequence has been analyzed with threading (23) and sensitive profile-profile alignment methods (24) developed at the authors' laboratory, as well as PSI-BLAST (25) . Three-dimensional models of identified domains were subsequently built with MODELLER (26) and analyzed for quality by using several structure analysis methods (27) .
Results

BAR Is a Multidomain Protein.
A screen for cDNAs encoding suppressors of Bax-induced cell death was performed in the yeast Saccharomyces cerevisiae, resulting in a cDNA containing an ORF encoding a human protein of 450 amino acids (Ϸ52 kDa), to which we assigned the acronym BAR, for bifunctional apoptosis regulator (GenBank accession no. AF173003). The predicted BAR protein contains several protein domains, including: (i) an N-terminal zinc-binding RING domain at residues 24-86; (ii) a SAM domain at amino acids 180-254; (iii) a DED-like domain at 273-345; and (iv) a C-terminal hydrophobic transmembrane (TM) domain at 400-428 ( Fig. 1 A and B) . The first two assignments have high statistical significance, with PSI-BLAST
E-values of E
Ϫ14
and E
Ϫ28
, respectively, indicating high confidence of the prediction. The DED-like domain is not recognized by any of the standard sequence analysis programs and instead was identified by detailed comparison to known DED proteins, as described below. The DED-like domain of BAR was most homologous to the first DED domain of procaspases-10, sharing 21% amino acid sequence identity (39% similarity), respectively, with these proteins (Fig. 1C) . The BAR DED domain contains 14 of the 21 residues previously recognized to be conserved among DED-family domains based on sequence alignments (28) , and 16 of the 19 hydrophobic residues known to be conserved among DED-family domains based on structural considerations (29) . A consensus secondary-structure prediction based on PHD (30) and nearest neighbor (31) algorithms suggested the presence of six ␣-helices, consistent with the known structure of other DED-family proteins (29) . The SAM domain of BAR shares greatest homology with the human Ephb2 SAM domain (17% identity) and is predicted by FFAS to adopt a four ␣-helix bundle structure typical of SAM domains (32) , with excellent conservation of the signature residues found in other members of this domain family (Fig. 1D ).
BAR Is a Membrane-Associated Protein That Suppresses Bax-Induced
Cell Death. Expression of full-length BAR protein in yeast rescued cells from Bax-induced death ( Fig. 2A) , despite continued production of the Bax protein (not shown). Deletion of the RING domain from BAR did not interfere with its protective effect on Bax-induced cell death. In contrast, removal of the C-terminal TM domain completely abolished the ability of BAR to rescue against Bax, suggesting that membrane localization of BAR is important for its function as a Bax antagonist. Immunoblot analysis confirmed production of the BAR (⌬TM) protein at levels comparable to full-length BAR (not shown).
To investigate the effects of BAR on Bax-induced cell death in mammalian cells, plasmids encoding wild-type or mutant versions of BAR were cotransfected with a Bax-encoding plasmid into 293T cells, which contain low endogenous levels of BAR. Cells were recovered 24 hr later and analyzed for percentage apoptosis by staining with DAPI (18) . Both BAR and BAR(⌬R) suppressed Bax-induced apoptosis (Fig. 2B ), without interfering with Bax protein production (Fig. 2C) . In contrast, the BAR(⌬TM) protein was ineffective at suppressing Baxinduced apoptosis, even though the protein was produced at levels similar to full-length BAR in 293T cells. We conclude therefore that BAR suppresses Bax-induced cell death in both yeast and mammalian cells, requiring the TM but not the RING domain for its Bax antagonistic function.
The BAR(⌬R) protein consistently accumulated to higher levels in cells compared with full-length BAR (Fig. 2 C and D) , though no difference in plasmid-derived BAR and BAR(⌬R) mRNAs was observed (not shown). Similar to several other RING-containing proteins that are subject to proteosome-dependent degradation (33) (34) (35) , the 26S proteosome protease inhibitor MG-132 markedly increased accumulation of BAR protein (Fig. 2D) . Thus, steadystate levels of the BAR protein may be controlled by proteosomedependent degradation, mediated by the N-terminal RING domain of this protein, explaining the greater suppression of apoptosis by BAR(⌬R) compared with BAR. Though deletion of the RING domain from BAR was helpful for enhancing accumulation of this protein in 293 cells, high levels of full-length BAR were found endogenously in some tumor cell lines such as MCF7 breast cancer cells (Fig. 2E) , LOXIMVI and UACC-257 melanoma, and IGROV1 ovarian cancer cell lines (not shown).
The presence of a candidate TM domain in BAR suggested it could be a membrane-associated protein. Indeed, BAR protein was not extractable from cellular membrane preparations by using alkaline (pH 11.5) solution, consistent with an integral membrane protein (not shown). Subcellular fractionation exper-iments (Fig. 2F) revealed that BAR resides predominantly in the heavy-membrane (contains mitochondria) and nuclear fractions (presumably representing association with the nuclear envelope; see below), with little BAR present in cytosol or low-density membrane factions. Reprobing the same blots with antibodies to mitochondrial (COX-IV), cytosolic (caspase-3), and nuclear (poly-ADP ribosyl polymerase) proteins validated the fractionation procedure (not shown). BAR also cofractionated with Bcl-2 (Fig. 2F) . When examined by immunohistochemistry by using normal human tissue sections and monospecific anti-BAR antisera, BAR was present in an organellar pattern within the cytosol of most cells (Fig. 2G and data not shown) . Preimmune serum and anti-BAR antiserum preadsorbed with recombinant BAR protein resulted in negligible immunostaining, confirming the specificity of these results (not presented). Microscopy examination of cells expressing GFP-tagged BAR confirmed these findings (not shown). BAR mRNA and protein were widely expressed in human tissues, as determined by Northern and immunoblot analyses (unpublished observations).
BAR Modulates Bax-Induced Apoptosis Through a SAM DomainDependent Mechanism. To explore how BAR might modulate Bax-induced cell death pathways, we examined whether the BAR protein can associate with members of the Bcl-2 family. For these experiments, Myc-epitope-tagged or untagged BAR or BAR(⌬R) proteins were coexpressed by transient transfection in 293T cells together with Bcl-2, Bcl-X L , Bak, or Bax. Coimmunoprecipitation assays determined that BAR can specifically associate with antiapoptotic Bcl-2 and Bcl-X L proteins (Fig. 3A) , but not with Bax or Bak (not shown). The efficiency with which Bcl-2 coimmunoprecipitated with BAR was comparable to Bax (Fig. 3A) under the conditions of these assays.
The region within BAR required for its interaction with Bcl-2 was mapped by using a series of N-and C-terminal truncation mutants and internal fragments of BAR for in vitro protein-binding assays (Fig. 3B) . Fragments of BAR that lacked the RING, DED, or TM domains retained Bcl-2-binding ability, indicating that none of these domains is necessary. In contrast, all fragments of BAR that retained the SAM domain bound Bcl-2 in vitro, whereas all fragments lacking this domain failed to bind Bcl-2. The dependence of the SAM domain for interactions with Bcl-2 was also confirmed by yeast two-hybrid assays (Fig. 3C) .
We next explored the relevance of the SAM domain of BAR for suppression of Bax-induced cell death in yeast and for Bax-induced caspase activation and apoptosis in human cells. When coexpressed in yeast with Bax, the full-length BAR protein suppressed Bax-induced cell death and permitted growth on selective medium, whereas the BAR (⌬SAM) protein failed to rescue yeast from Bax-induced cell death (Fig. 3D) . Immunoblot analysis confirmed production of the BAR and BAR (⌬SAM) proteins at comparable levels in yeast (not shown). For mammalian cell experiments, 293T (Fig. 3 ) cells were cotransfected with a Bax-producing plasmid together with plasmids encoding either BAR or BAR (⌬SAM) proteins. Cells were recovered 1 day later, and either cell lysates were prepared for assaying caspase activity by using the fluorigenic substrate Asp-Glu-Val-Asp-aminof luorocoumarin (DEVD-AFC) (Fig.  3E) or the percentage of apoptotic cells was quantified based on DAPI staining (Fig. 3F) . Overexpression of Bax induced caspase activation and apoptosis, which were both markedly suppressed by coexpression of full-length BAR but not by BAR (⌬SAM) (Fig. 3 E and F) . Immunoblot analysis confirmed that neither BAR nor BAR(⌬SAM) interfered with Bax protein production and demonstrated that the BAR and BAR (⌬SAM) proteins were produced at roughly equivalent levels in these transfected cells (Fig. 3F and data not presented) . Taken together, the results demonstrate that the SAM domain of BAR is required both for its interactions with Bcl-2 and its ability to suppress Bax-induced cell death.
BAR Binds DED-Containing Caspases and Suppresses Fas-Induced
Apoptosis. The presence of a DED-like domain in the BAR protein suggested that it might interact with other DED-containing proteins. Indeed, BAR and BAR(⌬R) specifically interacted with procaspase-8 and -10 in coimmunoprecipitation assays by using lysates from transfected 293T cells (Fig. 4A and data not shown) . In contrast, BAR and BAR(⌬R) did not coimmunoprecipitate with Fadd (Fig. 4A) , even though interactions of Fadd with procaspases-8 and 10 were detectable under the same experimental conditions (not shown). Thus, BAR associates with some but not all DED-family proteins. Mutagenesis studies confirmed a role for the DED domains of BAR, procaspase-8 and -10 for mediating their interactions (Fig. 4 B and C) .
Because caspase-8 is essential for Fas-induced apoptosis (36, 37), we sought evidence that BAR could modulate this apoptotic pathway. For these experiments, 293 (Fig. 4) or HT1080 (not shown) cells were transfected with plasmids encoding Fas in combination with either a control plasmid or plasmids producing the BAR, BAR(⌬R) and BAR(⌬DED) proteins. Caspase activity and apoptosis were then assayed after 1 day. 293 and HT1080 cells were chosen for these studies because overexpression of Fas triggers apoptosis in these cells through a Bcl-2-independent mechanism (20, 38) , thus avoiding any contributions that BAR might make with respect to modulation of Bcl-2 family proteins. As shown, Fas stimulated activation of DEVD-cleaving caspases and triggered apoptosis (Fig. 4 D and E) , both of which were partially blocked by coexpression of BAR or BAR(⌬R). In contrast, BAR(⌬DED) and BAR (⌬R͞⌬DED), which failed to bind procaspase-8, were ineffective at blocking Fas-induced activation of caspases and apoptosis (Fig. 4 D and E) . Thus, BAR requires the DED domain to interact with procaspase-8 and to suppress Fasinduced apoptosis. Immunoblot analysis also revealed correlations with Fas-induced processing of procaspase-8, with BAR reducing the amount of processed procaspase-8 produced as a result of Fas overexpression (Fig. 4F) .
BAR Can Mediate Association of Bcl-2 and Procaspase-8.
Recognizing that BAR is capable of interacting with both Bcl-2 and procaspase-8, we determined whether BAR bridges these two proteins together in a complex. Accordingly, Bcl-2 and Flag- procaspase-8 were coexpressed in 293T cells by transient transfection, in the presence or absence of cotransfected BAR. Coimmunoprecipitation assays revealed that Bcl-2 was readily detected in caspase-8-containing immune complexes when using lysates from cells overexpressing BAR but not in lysates of control transfected 293T cells (Fig. 4G) , which contain relatively little endogenous BAR protein. Coexpression of Bax prevented BAR-mediated coimmunoprecipitation of Bcl-2 and procaspase-8 (not shown), suggesting that Bcl-2 cannot simultaneously bind Bax and BAR. We therefore conclude that BAR can bridge Bcl-2 and procaspase-8, at least when overexpressed, thus bringing together members of two important families of proteins involved in apoptosis regulation.
Discussion
BAR represents an apoptosis regulator having unique features heretofore not seen in other modulators of cell death pathways. This protein has a multidomain structure, which includes RING, SAM, DED, and TM domains, thus suggesting it may serve as a scaffold protein that integrates interactions and communication between two types of apoptosis-regulatory proteins-namely, the DED-containing initiator caspases and Bcl-2 family proteins. Though the extrinsic (e.g., Fas͞ death receptor) and intrinsic (e.g., Bax͞mitochondrial) pathways for apoptosis are capable of operating independently, crosstalk between these two major pathways for apoptosis also occurs (2, 3, 12, 13) . In this regard, overexpression of Bcl-2 or Bcl-X L can protect some cell lines in vitro and some tissues in vivo from Fas-induced apoptosis (39 -43), but not others. Sensitivity to Bcl-2 protection from Fas-induced apoptosis correlates with reduced activation of procaspase-8 after Fas crosslinking (44) , requiring a mitochondrial amplification step to achieve sufficient activation of downstream caspases for triggering apoptosis (45) . Antiapoptotic DED-containing proteins such as BAR, Bap31 (46) , and Flip (7) may compete with adaptor proteins such as Fadd for binding to procaspases-8 and -10, thus reducing the amount of caspase processing and activation (9) .
At present, it remains unclear why BAR suppressed Baxinduced cell death in yeast, given that we have been unable to demonstrate interaction of BAR with Bax by coimmunoprecipitation or yeast two-hybrid assays. However, the observation that the SAM and TM domains of BAR are required for suppression of Bax-induced cell death in both yeast and mammalian cells suggests a conserved mechanism. . Cells were lysed 2 days later in buffer containing 0.4% Nonidet P-40, and immunoprecipitations were performed by using anti-Myc or anti-Bax antibodies or by using mouse IgG 1 as a control. Immune complexes and lysates (representing Ϸ5% of input) were subjected to SDS͞PAGE and immunoblot analysis by using antisera for detection of Bcl-2 or Bcl-X L. (B) For in vitro binding studies, in vitro translated 35 S-labeled BAR mutant proteins were incubated with 10 g of either GST-Bcl-2 or GST (control; CNTL) recombinant proteins, and protein complexes were recovered on glutathione-Sepharose and analyzed by SDS͞PAGE followed by autoradiography. In vitro translation mixes (10% input) were run directly in gels as a control. A wide variety of control GST proteins were tested, thus confirming specificity of BAR interactions with Bcl-2 (not shown). All BAR fragments shown were Ͼ50% intact when produced by in vitro translation in reticulocyte lysates, but others attempted could not be produced without extensive degradation, such as SAM only. (C) For yeast two-hybrid assay, 1 g pGilda-Bcl-2(⌬TM) was cotransformed into EGY191 cells with 1 g pJG4 -5-BAR or pJG4 -5-BAR(⌬SAM). Transformants were initially selected on glucose-containing medium lacking histidine and tryptophan. Two-hybrid interactions were assayed by streaking onto galactose plates lacking leucine, histidine, and tryptophan. Use of various positive and negative control proteins in yeast two-hybrid assays confirmed the validity of these observations (not shown). (D) For cytotoxicity assays in yeast, plasmids encoding BAR or BAR(⌬SAM) were transformed into a yeast strain harboring YEp51-Bax. Transformants were then streaked on galactose-containing synthetic medium lacking tryptophan and leucine. Photograph was taken after 4 days at 30°C. (E) For caspase assays, 293T cells were transfected with either 4 g of vector control plasmid (CNTL) or with 0.5 g Bax-encoding plasmid together with 3.5 g of either vector control plasmid or plasmids encoding BAR or BAR(⌬SAM). Cell extracts were prepared 24 hr after transfection, normalized for protein content (25 g), and incubated with 100 M DEVD-AFC. Enzyme activity was determined by the release of the AFC fluorophore (expressed as relative fluorescence units, RFU). (F) A portion of the transfected 293T cells described in E were stained with DAPI, and the percentage of GFP-positive cells with fragmented or condensed nuclei (apoptotic) was determined (mean Ϯ SD; n ϭ 3). Inset shows immunoblot analysis of lysates from transfected cells using anti-BAR antiserum with enhanced chemiluminescence-based detection.
Though gene transfer-mediated overexpression of BAR was used here for assaying its effects on apoptosis pathways, the levels of BAR produced by transfection of 293T and HT1080 cells were similar to the endogenous levels of BAR found in a variety of human tumor cell lines, based on comparisons by immunoblotting (unpublished observations). Thus, levels of BAR sufficient to impact apoptosis pathways can occur at least within the context of cancer. Further analysis of BAR in other cellular contexts and ultimately by gene ablation experiments in mice is required to understand the overall importance of this protein for the in vivo regulation of apoptosis.
